Resum6 -P a r t a n t d l u n e c o n f i g u r a t i o n amorphe mod&lisGe, de 4000 "sphbres-molles", une mdthode d e dynamique m o l 6 c u l a i r e permet d l i l l u s t r e r l a germination spontan6e. L1analyse du processus de c r i s t a l l i s a t i o n , 5 t r o i s s t a p e s de l a simul a t i o n , 5 l t a i d e des i n d i c e s des p o l y s d r e s de Voronoi montre que d e s germes bcc e t f c c c o n t i n u e n t 5 c r o 4 t r e . Des ambig u i t 6 s dans l a s t r u c t u r e , a p p a r a i s s a n t pour c e r t a i n s t y p e s d t i n d i c e , peuvent S t r e lev6es en u t i l i s a n t des msthodes graphiques num6riques. C e r t a i n e s de c e s f i g u r e s donnent l t i m p r e s s i o n d l u n changement de phase l o c a l i s 6 d t u n e s t r u ct u r e bcc en f c c , c e c i demandant 2 S t r e confirm6 exp6rimen-t a l e m e n t .
A b s t r a c t -Spontaneous homogeneous n u c l e a t i o n can be demonstrated i n a model of 4000 s o f t -s p h e r e s annealed from an amorphous s t a r t i n g c o n f i g u r a t i o n v i a a molecular dynamics method. Analysis of t h e c r y s t a l l i s a t i o n p r o c e s s a t t h r e e s t a g e s of t h e s i m u l a t i o n u s i n g Voronoi polyhedra i n d i c e s shows t h a t b o t h bcc and f c c n u c l e i continue t o grow. Methods of d e l i n e a t i n g t h e n u c l e i and t h e e f f e c t s on t h e i r r e s u l t i n g shape and s i z e a r e d i s c u s s e d , and it i s shown how a m b i g u i t i e s i n s t r u c t u r e which a r i s e both f o r p a r t i c u l a r index types and l o c a l arrangements can be r e s o l v e d u s i n g computer g r a p h i c s techniques. Some of t h e drawings d i s p l a y e d g i v e t h e impress i o n of l o c a l i s e d phase change from bcc t o f c c s t r u c t u r e though t h e s e e v e n t s have y e t t o be confirmed.
INTRODUCTION I n computer s i m u l a t i o n of supercooled l i q u i d s i t i s r e l a t i v e l y e a s y t o
e n s u r e t h a t f o r e i g n bodies a r e excluded and (using s u i t a b l e p e r i o d i c boundary c o n d i t i o n s ) t h a t t h e r e a r e no c o n t a i n e r w a l l s , t h e r e b y p r o v iding an environment conducive t o homogeneous n u c l e a t i o n r a t h e r than heterogeneous n u c l e a t i o n which i s more probable i n n a t u r e . Even s o , it w i l l n o t occur without f u r t h e r ensuring t h a t t h e temperature and d e n s i t y of t h e ensemble p r e s e n t no b a r r i e r s t o n u c l e a t i o n . I n t h e absence of heterogeneous s u b s t r a t e s , localinhomogeneities occur by chance f l u c t ua t i o n s i n s t r u c t u r e and t h e s e can form t h e bases of n u c l e a t i o n . I n t h e small systems f i r s t s t u d i e d , c r y s t a l l i n e s t r u c t u r e s formed o n l y under t h e i n f l u e n c e of boundary c o n d i t i o n s . More r e c e n t l y i t has been demonstrated t h a t t h e phenomenom of spontaneous homogeneous n u c l e a t i o n can occur i n a supercooled Lennard-Jones l i q u i d provided t h e r e a r e no barr i e r s t o n u c l e a t i o n (Mandell, McTague and Rahman (1976) ) . Molecular dynamics c a l c u l a t i o n s on a system of 4000 s o f t -s p h e r e s (Cape, Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985325
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JOURNAL DE PHYSIQUE Finney and Woodcock(l981)) i n t e r a c t i n g by t h e p o t e n t i a l have a l s o been r e p o r t e d w h e r e o n c e a g a i n t h e r e was no dependence of t h e c r y s t a l l i t e axes upon t h e s i m u l a t i o n boundaries and where both bcc and f c c s t r u c t u r e s c o e x i s t e d . A r a p i d l y quenched l i q u i d (Cape and Woodcock (1980) ) formed t h e g l a s s y s t a r t i n g c o n f i g u r a t i o n which was annealed a t c o n s t a n t temperature f o r 3230 time s t e p s a t A t = 0.005 m & / E .When u s i n g t h e s o f t -s p h e r e p o t e n t i a l t h e e q u a t i o n s of s t a t e a r e f u n c t i o n s of a s i n g l e reduced v a r i a b l e t h e reduced d e n s i t y , and a s s o c i a t e d thermodynamic v a r i a b l e s , such a s P * can a l s o be expressed i n dimensionless u n i t s , t h u s PV
NkT (where P i s pressure,V i s t h e volume of t h e system, N i s t h e number of p a r t i c l e s , k i s Boltzmann's c o n s t a n t and T i s t h e temperature). This s i m u l a t i o n allowed t h e system t o r e l a x t o a s t a t e of lower p o t e n t i a l energy by m a i n t a i n i n g a c o n s t a n t k i n e t i c energy (and temperature) and a c o n s t a n t reduced d e n s i t y of y* = 1.831, by r e s c a l i n g t h e v e l o c i t i e s a t each time s t e p . The approach t o e q u i l i b r i u m under t h e s e c o n d i t i o n s can be monitored by t h e d e c r e a s e i n t o t a l i n t e r n a l energy or reduced p r e s s u r e , which should e v e n t u a l l y become t h a t of t h e most s t a b l e s t r u ct u r e f o r t h e system, t h e f c c c r y s t a l . I n a p r e v i o u s p u b l i c a t i o n , Cape e t a 1 (1981) r e p o r t e d t h e presence of both bcc and f c c n u c l e i w i t h i n t h e system a f t e r 3230 time s t e p s ( r e f e rr e d t o a s s t a g e I below). F u r t h e r molecular dynamics i t e r a t i o n s have been completed f o r t h i s model t o s e e i f t h e n u c l e i would d i s p e r s e o r c o n t i n u e t o grow, and whether f c c n u c l e i would develop from bcc n u c l e i , s i n c e a t s t a g e I it was c l e a r t h a t t h e reduced p r e s s u r e was f a r from t h e e q u i l i b r i u m v a l u e ( f i g . 1 ) . ( C l a s s i c a l n u c l e a t i o n t h e o r y p r e d i c t s t h a t t h e b a r r i e r t o n u c l e a t i o n i s minimal f o r t h i s system and t h e nuc l e i should grow -Cape e t a 1 (1981)). The s t r u c t u r e was f u r t h e r anal y s e d a f t e r 4430 and 8330 time s t e p s ( s t a g e s I 1 and 111). The v a r ia t i o n of P * i s p l o t t e d i n f i g u r e 1 and i s summarized i n t a b l e 1. Clearl y t h e reduced p r e s s u r e f e l l from i t s s t a r t i n g v a l u e and appears t o have l e v e l l e d o u t b u t i s m a i n t a i n i n g a v a l u e above t h a t which i t would be expected t o a t t a i n i f t h e e q u i l i b r i u m s t r u c t u r e e x i s t e d throughout t h e system. 
. STRUCTURE CHARACTERISATION The problem of i d e n t i f y i n g o r d e r w i t h i n t h e system i s e s s e n t i a l l y t o l o c a t e n u c l e i w i t h i n a f l u i d of much t h e same d e n s i t y , which is d i ff i c u l t u n l e s s a nucleus i s l a r g e and w e l l d e f i n e d . I t can be done by c a l c u l a t i n g a s t r u c t u r e f a c t o r f o r s p e c i f i c l a t t i c e v e c t o r s ( s e e f o r example Mandell e t a 1 (1976)) but t h e r e s u l t s can be misleading and may n o t d i s t i n g u i s h between bcc and f c c s t r u c t u r e (Hsu and Rahman (1979)). The method adoptedin t h e s e i n v e s t i g a t i o n s was t h a t employing t h e ' i nd i c e s ' of t h e Voronoi polyhedra which can be c o n s t r u c t e d t o e n c l o s e a l l space c l o s e s t t o each atom w i t h i n t h e system providing a complete s t a ti s t i c a l c h a r a c t e r i s a t i o n (Finney(l970))
. Each index (ng,n4 , n , n , . . .) l i s t s t h e number of f a c e s , n . having a t o t a l of j edges, ( t r i i l g n g zeros being suppressed a f t e r J j = 6), t h u s a p e r f e c t bcc s t r u c t u r e would g e n e r a t e i n d i c e s of (0 6 0 8) o n l y ( f i g u r e 2 ) .
A fundamental d i f f i c u l t y a r i s e s , however, when attempting t o uncover t h e presence of c r y s t a l l i n e close-packed s t r u c t u r e s . Under i d e a l c o n d i t i o n s , having no thermal f l u c t u a t i o n s , t h e s e would g i v e r i s e t o i n d i c e s (0 12 0 0) f o r both bcc and hcp arrangements ( s e e f i g u r e 2). With even t h e s l i g h t e s t d i s t u r b a n c e t h e degenerate v e r t i c e s formed a t t h e i n t e r s e c ti o n s of f o u r edges i n t h e s e polyhedra (so c a l l e d because any t h r e e of t h e f o u r edges d e f i n e t h e v e r t e x -f i g u r e 2) s e p a r a t e i n t o two o r more v e r t i c e s a t -j u n c t i o n s of t h r e e edges and a d d i t i o n a l f a c e s may a r i s e . Consequently t h e i n d i c e s a r e e a s i l y d i s t o r t e d and confusion r e s u l t s . 
The u s e o f time averaged c o o r d i n a t e s (averaged over 100 time s t e p s ) does n o t improve t h e s i t u a t i o n (Cape(1979)). I t i s p o s s i b l e t o r ev e a l t h e u n d e r l y i n g close-packed c r y s t a l s t r u c t u r e by merging v e r t i c e s c l o s e r t h a n a d i s t a n c e 5 ( i . e . removing s h o r t edges) s o c r e a t i n g t h e i d e a l polyhedra from t h e d i s t o r t e d v e r s i o n s . For t h i s procedure t o be
u s e f u l a v a l u e of 5 is chosen t o be commensurate w i t h t h e thermal f l u c t u a t i o n TI and t h e inter-neighbour d i s t a n c e d . Hsu and Rahmann (1979) have demonstrated t h e e f f e c t i v e n e s s of t h i s method f o r LennardJones systems and models of supercooled m e t a l s . A s i m i l a r e s t i m a t i o n of t h e parameters a p p r o p r i a t e f o r t h i s s o f t -s p h e r e system gave n/d = 0.09, suggesting / = 3 should be u s e d when modif y i n g t h e polyhedra t o i n d i c a t e t h e p r e s e n t of f c c (or hcp) n u c l e i .
( d % 0.077% ; q is e s t i m a t e d from t h e mean s q u a r e displacement of t h e atoms and i s , 0.007R , g i v i n g < = 0.02% where R = -) This was i n agreement w i t h a s e r i e s of t e s t s t o determine t h e v a l u e o f 5 e m p i r i c a l l y f o r a r e g i o n a t s t a g e I p r e v i o u s l y i d e n t i f i e d a s being t h e l a r g e s t f c c nucleus (Cape e t a 1 (1981) ).
These t e s t s i n d i c a t e d maximum r e s o l u t i o n of f c c s t r u c t u r e occurred f o r 5 = 0.025%
. I t was app a t e n t t h a t some polyhedra f o r atoms i n a bcc nucleus were a l s o modif i e d t o become (0 12 0 0) -type when u s i n g t h i s procedure. This emphasized a t an e a r l y s t a g e t h a t a m b i g u i t i e s could a r i s e owing t o mino r d i f f e r e n c e s between d i s t o r t e d bcc and d i s t o r t e d f c c polyhedra, and t h a t i t would be n e c e s s a r y t o draw some of t h e polyhedra t o r e s o l v e t h e problem.
The c e n t r a l r e g i o n of t h e model, some 2200 atoms, was i n v e s t i g a t e d a t each of t h e s t a g e s d e f i n e d above u s i n g both modified and unmodified i nd i c e s . The p r o p o r t i o n s of bcc and f c c polyhedra a t each s t a g e a r e sho.wn i n t a b l e 2 .
I t appears t h a t t h e number of l o c a l bcc arrangements i n c r e a s e s b u t remains t h e same between s t a g e s I 1 and I11 whereas t h e f c c (and/or hcp) c l u s t e r s i n c r e a s e s throughout t h e s i m u l a t i o n . 
DELINEATING THE NUCLEI I t i s p o s s i b l e t o i n v e s t i g a t e t h e e x t e n t (and p e r f e c t i o n ) of bcc n u c l e i by l i s t i n g a l l unmodified polyhedra of t y p e (0 6 0 8) and checking which of t h e s e have neighbours a t o r about t h e r i g h t d i s t a n c e and i n t h e r i g h t d i r e c t i o n s t o form bcc a g g r e g a t e s (Cape e t a 1 (1981)), though t h i s can be a l a b o r i o u s t a s k . S i m i l a r l y , t h e f o u r i n t e r p e n e t r a t i n g simple c u b i c l a t t i c e s o f f c c c r y s t a l l i t e s could be mapped u s i n g t h e modified polyhedra of type (0 1 2 0 0) a s a guide. However, s i n c e a computer can acc e s s a l l t h e d a t a r e q u i r e d , it i s a l e s s arduous job t o w r i t e computer programs t o do t h i s : neighbouring polyhedra of s i m i l a r type, i r r e s p e ct i v e of d i s t a n c e and d i r e c t i o n c r i t e r i a , can be r e a d i l y t a b u l a t e d and then l i s t s can be compiled of t h o s e forming s e p a r a t e groups o r n u c l e i (Bushnell-Wye (1983)). I t i s important t o r e c o g n i s e t h a t some atoms on t h e s u r f a c e of t h e n u c l e i may w e l l be i n e x a c t r e g i s t e r w i t h t h e nucleus b u t , because of t h e i r d i s o r g a n i s e d neighbours away from t h e nuc l e u s , t h e y w i l l n o t have t h e r e q u i s i t i n d i c e s (even when modified). Such atoms should be included i n t h e d e s c r i p t i o n of t h e e x t e n t of t h e n u c l e i b u t n o t t o connect neighbouring n u c l e i , o t h e r w i s e t h e n u c l e i become v e r y d e n d r i t i c . Using d i s t a n c e and d i r e c t i o n c r i t e r i a t o s p e c i f y nucleus s i z e l i m i t s n u c l e i t o t h e n e a r l y p e r f e c t l y c r y s t a l l i n e r e g i o n s and probably undere s t i m a t e s t h e i r s i z e though t h e i r shapes tend t o be f a i r l y g l o b u l a r .
Disregarding such c r i t e r i a r e s u l t s i n l a r g e r n u c l e i ( i n g e n e r a l ) which have r a m i f i c a t i o n s i n t o l e s s p e r f e c t l y o r g a n i s e d r e g i o n s of t h e model. Tables 3 and 4 show t h e s i z e s of t h e l a r g e r n u c l e i found a t each o f t h e s t a g e s analysed and emphasize how t h e a s s i g n e d s i z e i s i n f l u e n c e d by . .
. RESULTS
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t h e i n c l u s i o n of s u r f a c e atoms. The t r u e s i z e almost c e r t a i n l y l i e s sowwhere between t h e two t o t a l s g i v e n f o r each nucleus. Comparing t h e t o t a l s f o r each s t a g e s u g g e s t s t h a t t h e bcc n u c l e i grow t o begin w i t h b u t t h e n remain much t h e same s i z e whereas t h e f c c c l u s t e r s continuo u s l y i n c r e a s e i n s i z e perhaps by merging w i t h neighbouring c l u s t e r s . I t is obvious t h a t some a m b i g u i t i e s a r i s e i n d e f i n i n g b o t h l o c a l symmetry and t h e e x t e n t of ordered groups, and t h a t t h e o n l y way t o r es o l v e t h e problem i s t o examine some groups i n d e t a i l . An i n t e r a c t i v e computer g r a p h i c s system h a s been used t o draw both i n d i v i d u a l s and
small c l u s t e r s of polyhedra; some drawings a r e p r e s e n t e d h e r e t o dem o n s t r a t e t h e r e s u l t s of t h e a n a l y s i s s o f a r . F i g u r e 3 shows polyhedra f o r two (0 6 0 8) atoms b e f o r e and a f t e r m o d i f i c a t i o n t o remove s h o r t edges. C l e a r l y , some (0 6 0 8 ) environments a r e v e r y c l o s e t o being i d e a l f c c s t r u c t u r e s while o t h e r s a r e n o t which s u g g e s t s i n c o rr e c t assignments could be made u s i n g unmodified polyhedra i n d i c e s a l o n e . Extended r e g i o n s of bcc and f c c c h a r a c t e r a l s o e x i s t a s d e p i c t e d i n t h e c l u s t e r s of f i g u r e 4 . H i g h l i g h t e d i n f i g u r e 5 i s t h e type of f e at u r e which can occur b o t h i n r e a l s t r u c t u r e s and i n t h i s s o f t -s p h e r e model. These can o n l y be allowed t o e x i s t i n t h e l a t t e r i f s t r i c t d i st a n c e and d i r e c t i o n c r i t e r i a a r e n o t u s e d i n d e f i n i n g t h e e x t e n t of c r y s t a l l i n e close-packed r e g i o n s : s t a c k i n g f a u l t s i n t r o d u c e l a t t i c e t r a n s l a t i o n s and t h e r e f o r e form a boundary t o a nucleus i f i t i s o n l y 
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c u r v a t u r e Figure 5 . A s t a c k i n g f a u l t w i t h i n a f a i r l y w e l l ordered p a r t o f t h e model. The polyhedra can be compared with those of t h e p e r f e c t f c c and hcp s t r u c t u r e s . Figure 6 . An arrangement of polyhedra suggesting plane curvature. The sense of c u r v a t u r e i s i n d i c a t e d . An a l t e r n a t i v e i n t e r p r e t a t i o n i s t h a t a g r a i n boundary i s being observed.
allowed to have (by definition of the technique used) near perfectstructure. Similarly, gross plane curvature, figure 6 , and grain boundaries, figure 7, can also be identified in this model.
.
PHASE TRANSFORMATION When drawing polyhedra, as described above, to examine the structure associated with particular indices there were often polyhedra which exhibited both fcc and bcc character. Sometimes this was due to the small size of the six quadrilateral faces of a (0 6 0 8) polyhedron and in other cases one 'half1 of the polyhedron could be recognised as plane d i r e c t i o n s Figure 7 . A n arrangement of polyhedra suggesting t h e e x i s t e n c e of a g r a i n boundary.
having s t r o n g bcc c h a r a c t e r i s t i c s and t h e o t h e r was v e r y n e a r l y p e r f e c t f c c -t y p e . Once a g a i n , t h e s e f e a t u r e s could n o t be i d e n t i f i e d from i nd i c e s a l o n e , making t h e u s e of t h e g r a p h i c s e s s e n t i a l . The o v e r a l l i mp r e s s i o n suggested a change of phase from bcc t o f c c was o c c u r r i n g . Ref e r e n c e t o t a b l e 2 and maps d e t a i l i n g t h e d i s t r i b u t i o n of index t y p e s throughout t h e system ( n o t shown.here) a t each of t h e t h r e e s t a g e s analysed does n o t s u p p o r t t h i s however, b u t r a t h e r s u g g e s t s t h a t n u c l e i grow by expancling i n t o r e g i o n s having i n d i s t i n c t c r y s t a l l i n e c h a r a c t e r . F u r t h e r a n a l y s i s a t d i f f e r e n t s t a g e s i n t h e s i m u l a t i o n must be undertaken t o a s c e r t a i n e x a c t l y what t r a n s f o r m a t i o n s a r e t a k i n g p l a c e withi n t h e ensemble. I t i s p o s s i b l e t o c o n s t r u c t h y p o t h e t i c a l i n t e r m e d i a t e s t a g e s of t r a n sformation from a polyhedron of type (0 6 0 8) t o one of type (0 12 0 O), and some of t h e f e a t u r e s of t h e i n t e r m e d i a t e s t a g e s could be seen i n polyhedra d i s p l a y e d u s i n g t h e g r a p h i c s programs. An example of t h i s i s t h e unmodified (0 4 4 4 ) polyhedron i n f i g u r e 8. Even though o n l y s l i g h t movement of neighbours would be r e q u i r e d t o make t h i s i n t o a (0 12 0 0)-type polyhedron, i t i s easy t o s e e t h a t l a r g e c o o p e r a t i v e movements would be r e q u i r e d t o e f f e c t such a t r a n s f o r m a t i o n over a l a r g e number of neighbours: t h e c o o p e r a t i v e movements shown i n f i g . 8 could n o t p o s s i b l y occur owing t o t h e c o n s t r a i n t s of t h e p e r i o d i c boundary c o n d i t i o n s . This type-of t r a n s f o r m a t i o n could t h e r e f o r e only t a k e p l a c e w i t h d i f f e r e n t o r i e n t a t i o n s throughout t h e model and extens i v e g r a i n boundaries would r e s u l t . F u r t h e r o r g a n i s a t i o n might proceed under thermal f l u c t u a t i o n s t o allow some g r a i n s t o grow.
CONCLUSIONS
S u i t a b l e c o n d i t i o n s have been provided f o r t h e a n n e a l i n g process i n t h e s o f t -s p h e r e system t o permit spontaneous homogeneous n u c l e a t i o n of both bcc and c r y s t a l l i n e close-packed s t r u c t u r e s . The n u c l e i grow i n t h e continued simulation as judged by an increased number of Voronoi polyhedra having indices typical of a crystalline environment. However, the technique used has limitations and it is essential to be aware of the ambiguities which arise. These difficulties can best be sorted out with the aid of computer graphics. The (0 6 0 8) index can represent strong bcc character but additionally may indicate a distortion of crystalline close-packed symmetry. Modified indices of type (0 12 0 0) occur for either fcc or hcp stacking sequences and can only be distinguished by resorting to geometrical considerations or by drawing the polyhedron concerned. The technique used to delineate the nuclei curtails their size if geometrical constraints are specified; if not, the nuclei can be more nebulous and features such as stacking faults and grain boundaries can
